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The in-plane photoconductivity and photoluminescence are investigated in quantum dot-chain
InGaAs/GaAs heterostructures. Different photoconductivity transients resulting from spectrally
selecting photoexcitation of InGaAs QDs, GaAs spacers, or EL2 centers were observed. Persistent
photoconductivity was observed at 80K after excitation of electron-hole pairs due to interband
transitions in both the InGaAs QDs and the GaAs matrix. Giant optically induced quenching of
in-plane conductivity driven by recharging of EL2 centers is observed in the spectral range from
0.83 eV to 1.0 eV. Conductivity loss under photoexcitation is discussed in terms of carrier localiza-
tion by analogy with carrier distribution in disordered media.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4902311]
I. INTRODUCTION
Self-assembled (In,Ga)As quantum dots (QDs) and
quantum wires (QWRs) are perspective candidates for appli-
cation in novel electronic and optoelectronic systems, e.g.,
semiconductor lasers,1 infrared photodetectors,2 and solar
cells3,4 due to their novel characteristics resulting from quan-
tum confinement. Even though, the optical and electrical
properties of such confined systems are largely determined
by the electronic spectrum of the (In,Ga)As QDs, the influ-
ence of the two-dimensional wetting layer (WL) states and
interface states can be significant.5 Variations in alloy com-
position, strain in the lattice, as well as imperfections in the
interfaces can also impact the excitation, storage, and recom-
bination of charge carriers. For example, the WL serves as a
channel for carrier exchange between the QDs6,7 and directly
influences the dark current of infrared photodetectors.8,9
For QD heterostructures grown by molecular beam epi-
taxy (MBE), the thicknesses of the transition regions
between materials become comparable to the sizes of the
nanostructures themselves. Electrical and optical properties
of such heterostructures therefore become dependent on the
ideality of the InGaAs/GaAs interfaces, and their description
should take into account a realistic influence of the interface
states as well as the quantum confined states.10 It has been
shown that InGaAs QD heterostructures contain defects with
deep levels in the bandgap of GaAs that result from strain
and In content variation in the interface transition layer. In
general, such defects are thought to be potential traps as well
as recombination and scattering centers for charge carriers,
which in principle limit practical application of these nano-
structures.11–13 Epitaxial GaAs layers can also contain some
defects, for example, caused by incorporation of As antisite
defects in GaAs.14 In addition, the inhomogeneity of the
QDs as well as the surrounding GaAs induces variations in
the local electrostatic potential. This acts to increase delay
carrier lifetime and thus the photoresponse of the system.
InGaAs QDs already favor spatial separation of free
electron-hole pairs, so in the presence of a local electric field,
a small concentration of deep level centers can strongly
affect the conductivity along the epitaxial layers. This has
not been studied in detail before, although the presence of
defects in the epitaxial InGaAs/GaAs heterosystems is well
known.
There has been very little work on the energy structure
of point defects near InGaAs QDs. However, a broad spec-
trum of electronic interface states has been revealed by ad-
mittance spectroscopy, deep-level transient spectroscopy
(DLTS), and capacitance-voltage measurements.10–12 Point
defects tend to form in GaAs due to strain near the interfaces
with InGaAs QDs. The concentration of these point defects
strongly depends on the growth rate and temperature.13 A se-
ries of defects were found with deep levels in the GaAs
bandgap from 127meV to 532meV below the conduction
band edge.14,15 These deep defects are associated with an
excess of As atoms or In vacancies near the InGaAs/GaAs
interface for structures with InGaAs QDs or QWRs. Among
the defects that form during coherent growth of the InGaAs
QDs are known as the EL2 antisite (AsGa)
16,17 and the EL6
antisite-vacancy complex (AsGa-VAs)
18 with electron capture
cross-sections of r¼ (0.8–1.7) 1013 cm2 and r¼ 1.3
 1013 cm2, respectively. The presence of these deep states
around the nanostructures has an influence on (i) the mecha-
nism of electron emission due to the local fields caused by
trapped electrons and ionized defects around the QDs; (ii)
fast relaxation of hot carriers in the QDs;19–21 and (iii) the
processes of nonradiative recombination. Understanding the
capture and recombination processes in epitaxial quantum
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structures, taking into account the quantum confined states,
the presence of deep centers, and the spatial variation of the
electrostatic potential is of great importance for the further
development of optoelectronic devices.
In this paper, we investigate the in-plane photoconduc-
tivity (PC) change in InGaAs/GaAs quantum dot-chain struc-
tures with different inter-dot distances by varying the
excitation photon energy. Investigations of photoconductiv-
ity transients as well as photoinduced quenching allow us to
understand the impact on the charge carrier transport of
localization either by local-potential variations or by deep
level traps.
II. EXPERIMENT
Heterostructures with InGaAs/GaAs quantum dot-chains
were grown by MBE on GaAs (100) semi-insulating substrates.
The structures consisted of 15 layers of InxGa1xAs QDs sepa-
rated by 60 monolayer (ML) thick GaAs spacer layers. Three
different samples, C1, C2, and C3, with InxGa1xAs coverages
of 5.7, 8.5, and 15.5 ML and In compositions of x¼ 0.5, 0.4,
and 0.3, respectively, were grown. Samples C1 and C2 formed
QDs, while sample C3 formed QWRs. The growth procedure
of these heterostructures is described in detail in Refs. 22–24.
All samples were terminated with a final uncapped layer of
InGaAs, grown with the same composition and coverage as the
underlying InGaAs layers in order match the nanostructures
and examine the configuration by atomic force microscopy
(AFM). AFM measurements were performed with a NT-MDT
Ntegra microscope in semi-contact tapping mode using Si can-
tilevers with a tip apex radius of 10nm.
Ohmic contacts separated by 6mm from each other
were formed by annealing indium on the surface at 420 C in
N2 ambient, such that conductivity measurements can be per-
formed for in-plane, lateral transport. The dark current and
the photocurrent were measured over the temperature range
of 80K–290K using a current amplifier and standard detec-
tion of the direct current. The experimental current-voltage
curves were linear in the range from 77 to 290K at low
applied voltage, less than 500mV, and demonstrating Ohmic
behavior. Transient PC and spectral measurements were
done using excitation from a W lamp spectrally resolved
through a monochromator. Photoconductivity spectra were
measured between 0.6 eV and 1.8 eV with normal incidence
light and a low electric field of 16.7 mV/cm (bias voltage of
100 mV) which was applied along [0–11] direction.
Photoluminescence (PL) measurements were carried out
over a wide temperature range in order to better understand
the effect of dimensionality and morphology on the electrical
and optical properties of InGaAs/GaAs dot-chain hetero-
structures. For excitation, the 532 nm line of a frequency
doubled Nd:YAG laser was focused to a 20 lm diameter
spot at the sample. The samples were mounted in a variable
temperature, 10–300K, closed-cycle helium cryostat, and
the PL signal from the sample was dispersed by a monochro-
mator and detected by a liquid nitrogen cooled OMA V:
InGaAs photodiode detector array.
Strain mapping was conducted using the geometrical phase
analysis (GPA)method25,26 using cross-sectional high-resolution
transmission electron microscopy (HR-TEM) images taken with
an FEI Titan 80–300 TEM fitted with a CEOS image corrector.
HR-TEM images were directly recorded on a Gatan 2K CCD
camera with Digital Micrograph acquisition software. The (111)
lattice fringes were analyzed with GPA using a Fourier-space
mask limiting the spatial resolution to 1.5 nm while allowing an
accuracy of 0.5% in strainmeasurements as defined by the stand-
ard deviation of the results. OnlyQDs (QWRs) located in sample
areas thicker than 30nmwere considered in order to limit relaxa-
tion due to free surfaces. The geometric distortions introduced
by the camera were corrected. A 5 5nm2 area in the GaAs
away from the dots (wires) was first selected as a reference for
the strain determination. If aref and cref are defined as the average
lattice parameters for this reference area perpendicular to and
along the growth direction, respectively, then GPA provides the
strain values of exx¼ [a(p) aref]/aref and ezz¼ [c(p) cref]/cref,
where a(p) and c(p) are the lattice parameters at the position p in
the HR-TEM image.
III. RESULTS
A. Morphology
A topographic AFM image of sample C1 shown in
Figure 1(a) reveals long QD chains aligned along the [0–11]
direction separated by 746 4 nm. Figures 1(b) and 1(c) show
the height profile across (perpendicular to) and along the
InGaAs QD chains, respectively. The average distance
between the centers of the QDs along the chains (the [0–11]
crystallographic direction) decreases from 65 nm, in sample
C1, to 44 nm, in sample C2. The QD sizes in sample C1 are
larger than those in sample C2 and depend on the InGaAs
coverage and composition. Typically, the QD shape is
slightly elongated along the chain direction of [0–11].27
Such unique growth morphologies are mediated by the
asymmetric surface diffusivities on the GaAs (001) surface.
Figure 2(a) shows a cross-sectional high resolution
TEM image of InGaAs QD chains in the GaAs matrix. From
the GPA analysis, we see the 2-dimentional map of the local
deformation, ezz, in Figure 2(b) with a line profile in the
growth direction across a single dot shown in Figure 2(c).
For the line profile, each point was obtained by averaging
the measured ezz values over a 15 nm wide window centered
on the dot, shown by the square around the dot in the figure.
Here, we see that ezz decreases, becoming negative or com-
pressive, above and below the dots. This seems to be more
pronounced at the QD base. This plot also shows that the lat-
tice parameter c(p) increases inside the dot until the strain
reaches a maximum value of ezz 3.8%, which is the nomi-
nal lattice mismatch between the deposited In0.5Ga0.5As and
GaAs. In addition to the strain variation in the growth direc-
tion, we find ezz varies considerably in the plane perpendicu-
lar to the growth direction directly above and below the dot,
Figure 2(d). Here, we see that the magnitude of the compres-
sive strain is a maximum in line with the center of the dot
and decreases laterally. This kind of strain field is typical for
InGaAs QDs with a non-uniform composition and has been
computed for QDs having graded composition.28 We can
estimate from these data that the thickness of the InGaAs
interface region is 2 nm, where the In content varies from
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FIG. 1. (a) AFM image of InGaAs QD
chains on the GaAs surface (sample
C1), (b) height profile in a direction per-
pendicular to the InGaAs QD chain,
and (c) height profile along an InGaAs
QD chain (sample C1). (d) AFM image
of InGaAs QD chains on the GaAs sur-
face (sample C3), (e) height profile in a
direction perpendicular to the InGaAs
QWRs, and (f) height profile along an
InGaAs QWR (sample C3).
FIG. 2. (a) Cross-sectional TEM image
of InGaAs QDs along the [110] direc-
tion (sample C1). (b) Calculated two-
dimensional map of the strain compo-
nent, ezz. The color scale corresponds
to the strain variation of ezz from 5%
(dark blue) to 5% (bright yellow). (c)
Linear profile of the strain component
ezz through the center of the InGaAs
QD along the growth direction. The
profile is the result of averaging later-
ally within the area defined by the rec-
tangle containing a dot on the map in
(b). (d) Linear profiles of the strain
component ezz in the GaAs spacer
below (black curve) and above (red
curve) the QD in a direction perpendic-
ular to the growth direction and aver-
aged within the area of the rectangles
below and above the dot in (b).
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x¼ 0 to x¼ 0.5. Analogous TEM images and strain distribu-
tion profiles were obtained for the sample with QWRs, sam-
ple C3 (Figure 3). These show a slightly lower scale of strain
variation in the surrounding GaAs; however, the density of
surface QDs was sufficiently high enough such that the de-
formation fields of neighbouring dots interfered with each
other.
B. Photocurrent and photoluminescence
spectroscopy
Photocurrent and photoluminescence spectroscopy
reveals several electronic transitions in our samples. The PL
spectra of all three samples measured at 290K using 0.04
mW/cm2 of excitation power are shown in the inset of
Figure 4(a). This luminescence is associated with transitions
between the quantum confined states of the InGaAs nano-
structures.29 Also shown in Figure 4(a) is the photocurrent,
which was measured with an applied bias of 50mV over a
photon energy range of hv¼ 0.6–1.8 eV at 290K. Interband
transitions (see arrow 3 in Figure 4(b)) associated with con-
fined states in the nanostructures give rise to a photocurrent
component starting from hv  1.11, 1.16, and 1.12 eV for
samples C1, C2, and C3, respectively. These are the thresh-
old energies determined by the intersection of the baseline
and the rise due to QDs. These also correspond closely to the
low-energy edge of the PL peaks, which, at room tempera-
ture, are influenced by shallow InGaAs/GaAs interface lev-
els. The difference between the spectral position of the edge
of the PL and the interband PC of the InGaAs nanostructures
is caused by contributions to the PC and PL spectra from the
transitions through defect levels, which cannot be separated
from the photocurrent associated with quantum confined
states. The tailing edge for this absorption component as
well as the inhomogeneous broadening of the PL line are due
to inhomogeneous distribution of both the size and content
of the QDs. Interband transitions in the WL contribute to the
photocurrent spectrum starting from 1.39 eV (see vertical
dashed line in Figure 4(a)). At photon energies less than the
bandgap of the nanostructures (1.06 eV at 290K), the
observed component of the photocurrent is believed to be of
a different nature, i.e., it is not caused by interband transi-
tions. This photoconductivity component instead originates
from transitions involving deep levels in the band gap of
InGaAs or GaAs. Beginning at 0.74 eV, this photocurrent is
the result of electron transitions involving the EL2 centers in
the GaAs.30,31 The excess-arsenic-related point defect, EL2,
is a well-known donor that can have several different ionized
charge states: EL20, EL2þ, and EL2þþ. Transitions from
deep levels, Ec  0.74 eV, close to the middle of the GaAs
bandgap30 to the conduction band of GaAs generate free
electrons and change the charge state of the centers, transfer-
ring EL20 ! EL2þ, for example. At the same time, transi-
tions of electrons from the valence band of GaAs to
Evþ 0.67 eV and Evþ 0.47 eV (at 77K) levels of EL2þ and
EL2þþ centers lead to the appearance of free holes from the
EL2þ ! EL20 and EL2þþ ! EL2þ transformations, respec-
tively.31 The scheme of electron transitions in the hetero-
structure with the InGaAs/GaAs nanostructures that was
obtained by the photocurrent and PL spectroscopy methods
is shown in Figure 4(b). Moreover, contribution to the PC in
the range from 0.74 eV to 1.1 eV from transitions through
the EL2 levels was observed for samples with different mor-
phologies (QDs and QWRs). We can conclude that role of
the EL2 defects in photoconductivity was quite similar for
all morphologies. However, the photoresponse was found to
FIG. 3. (a) Cross-sectional TEM image
of the InGaAs QWRs along the [110]
direction (sample C3). (b) Calculated
two-dimensional map of strain compo-
nent, ezz. The color scale corresponds
to the strain variation of ezz from 5%
(dark blue) to 5% (bright yellow). (c)
Linear profile of the strain component,
ezz, through the center of the InGaAs
QWR along the growth direction. The
profile is the result of averaging later-
ally within the area defined by the rec-
tangle containing a dot on the map in
(b). (d) Linear profiles of the strain
component, ezz, in the GaAs spacer
below (black curve) and above (red
curve) the QWR in a direction perpen-
dicular to the growth direction and
averaged within the area of the rectan-
gles below and above the dot in (b).
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be higher for heterostructures with QWRs where the QDs
within the chains have merged, i.e., for samples with smaller
InGaAs/GaAs interface area. Sample C1 (x¼ 0.5) shows the
lowest photoresponse which corresponds with the QDs hav-
ing higher strain and more interface area than the wires. This
results in higher concentration of EL2 defects which act as
recombination centers reducing the photoconductivity. A
fully quantitative comparison of defect concentration is not
possible in this work however, due to the in-plane methods
used to measure photoconductivity.
Analysis of the temperature dependence of the inte-
grated PL intensity for the multilayer In0.5Ga0.5As/GaAs
QD-chain sample C1, Figure 5, results in three activation
energies for thermal quenching of the luminescence. These
Arrhenius-type activation energies can be extracted from the
plot in Figure 5: e2Da ¼ 2216 20meV, e1Da ¼ 144 6 14meV,
and eea¼ 42 6 6meV as shown by the three independent lin-
ear fits in the high, middle, and low temperature ranges,
respectively. By adding the activation energy of the 2D WL
to the QD ground state PL energy, we estimate the level for
the 2D WL in our system to be 1.468 eV, which is very
close to the 1.466 eV that has been observed for similar QD
samples using PL excitation spectroscopy.5 In addition to the
conventional 2D WL accompanying the Stranski-Krastanov
QD growth, a 1D WL, one dimensional layer, with In con-
tent less than the dots, but more than the areas between dot
chains, has been shown to form along the [0–11] direction of
each chain.24,32 The activation energy, e1Da , for thermal exci-
tation from the QD ground states to this 1D WL is found to
be smaller than the activation to 2D WL states as expected
from PL and therefore we estimate the 1D WL level to be
1.391 eV.5 Physically, the difference between e2Da and e1Da
is the result of the 1D WL being slightly thicker and having
an energy 77meV lower than the 2D WL.
The 1D WL is expected to facilitate carrier transfer
between QDs within the same chain. This transfer between
the QDs plays a key role in the temperature behaviour of the
FWHM and the PL maximum position. The temperature de-
pendence of the FWHM (inset to Figure 5) demonstrates a
non-monotonic behavior. It reaches a minimum at 80K,
then grows significantly with temperature. We attribute the
low temperature narrowing to thermally stimulated carrier
redistribution (transfer) between the QDs within each chain.
According to the model described in Refs. 33 and 34, at low
T, carriers are “frozen” randomly into the inhomogeneous
distribution of QD states. With a slight increase in tempera-
ture, the highest energy dots, those with the lowest In content
or the smallest size, will lose their carriers to the 1D WL.
These carriers will redistribute among the smaller subset of
lower energy dots, thus narrowing the PL linewidth. Above
80K, we see the normally expected thermal broadening of
the system.
C. Persistent photoconductivity (PPC) and optical
quenching of conductivity
Both PPC35 and optical quenching of conductivity36
were found in our samples using an applied bias of 50mV.
Photoexcitation with energies, hv> 1.2 eV, at 80K resulted
in the observation of persistent conductivity characterized by
exceeding the equilibrium (dark) conductivity value, r0, for
some time following the removal of the excitation source. In
Figure 6, we show PPC decay curves obtained at 80K using
both hv¼ 1.27 eV and hv¼ 1.65 eV. Excitation by 1.27 eV
FIG. 4. (a) PL and longitudinal photocurrent spectra of the InGaAs/GaAs
heterostructures with QDs and QWRs recorded at 290K. The arrows A and
B mark the threshold energy for electron transitions through EL2 levels
(0.74 eV) and interband transitions in the WL (1.39 eV), correspondingly.
(b) Electronic transitions in the heterostructure with the InGaAs/GaAs nano-
structures: (1) GaAs, (2) WL, (3) InGaAs confined states, (4) and (5) transi-
tions involving EL2 midgap levels and deep levels close to conductivity
band of GaAs, correspondingly.
FIG. 5. Temperature dependence of the integral PL intensity for the QD-
chain sample (C1). The inset shows temperature dependence of FWHM of
PL band of this sample.
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resonantly creates electron-hole pairs in the ground state of
the QD, while the 1.65 eV illumination was chosen to create
nonequilibrium carriers in the GaAs spacer layers. The
observed decay can be represented generally by the follow-
ing expression:
rPPC tð Þ ¼ rPPC 0ð Þexp  ts
 b !
; (1)
where b (0<b< 1) is a decay exponent, t is the time after
the photoexcitation is turned off, and s is the characteristic
decay time constant. This stretched-exponential decay usu-
ally describes the relaxation of a wide class of disordered
systems towards an equilibrium state.
For the same samples, photoexcitation of the EL2 cen-
ters with energy, hv, in the range from 0.83 eV to 1.0 eV
resulted in a quenching of the conductivity, where illumina-
tion of the system effectively turns off the conduction
through the sample. Extended illumination may even result
in values below the initial dark value, r0 (see Figure 6(a)
between 600 and 900 s). It was typical here to observe a short
period of increased conductivity (originating from creation
of excess carriers in the conductivity channel) before a much
slower quenching effect with an exponential decay exp(t/s)
becomes observable during constant excitation. The main
reason is that conductivity channels and centers responsible
for photoquenching are spatially separated (see Sec. 4). The
spectral dependence of this decay constant, s(hv), for the
QD-chain sample (C1) is shown in Figure 7. Subsequent to
quenching, turning the light off results in further decay of
the conductivity of the system which finally falls 104 times
smaller than the previously established equilibrium, r0 (see
Figure 6(a) after 900 s). To bring the system out of this mini-
mum conductivity state, rmin, illumination with light at
hv> 1.2 eV or heat is used. At room temperature, all memory
of the effect is lost. After reaching rmin, Figure 6(b) demon-
strates the photocurrent kinetics resulting from the excitation
of the system repeatedly using photons with energy
hv¼ 1.65 eV. Similar dependences were observed using pho-
tons with other energies hv> 1.2 eV. It is typical here for the
samples to retain an extra “persistent” conductivity, shown
here by the dark level after 1.65 eV excitation, and be
described by Eq. (1).
D. Thermally stimulated conductivity
Figure 8 shows the temperature dependences of the con-
ductivity measured during heating of the QD-chain sample
(C1). Heating was performed at a constant rate of 0.16K/s
starting from 80K. Each curve begins with a dark cool down
under a 100mV applied bias, which is always held constant.
Upon heating, the sample with no light excitation (curve 1 in
Figure 8) exhibits a steady increase in conductivity through
the temperature range of 80–118K followed by a continuous
slow decrease through the rest of the range to its room tem-
perature value. This curve appears to be completely reversi-
ble in that cooling under the same conditions produces the
exact same curve. Alternatively, if after cool down the sam-
ple is exposed to high energy photons, hv¼ 1.65 eV, the tem-
perature dependence of the conductivity measured in the
dark changes dramatically. In this “persistent” state, peaks of
thermally stimulated current (TSC) appear at temperatures
of Tm¼ 81K, 91K, 113K, and 167K (curve 2 in Figure 8).
There are several methods to calculate the activation ener-
gies of traps including heating rates, initial rise methods, and
curve fitting. Most of these are prohibitive for our TSC
curves due to the presence of several overlapping peaks each
FIG. 6. Photocurrent transients measured in the InGaAs/GaAs QD-chain
sample (C1) at 80K. Photoexcitation with energy (a) 1.27 eV and (b)
0.88 eV were used after cooling down to 80K in the dark. In (a) the final ex-
citation using 0.88 eV light shows the photoquenching effect, whereas in (b)
the middle excitation using 1.65 eV light demonstrates the extremely fast
rise time resulting from excitation well above the bandgap of GaAs. The
insets show enlarged parts of transient curve (rise time of PC under 1.27 eV
excitation and PC decay after interruption of 0.88 eV excitation).
FIG. 7. Optical spectrum of the decay constant for optical conductivity
quenching.
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characterized by different trap energies. As a result, in order
for us to estimate the trap energy, we use the simple formula
ea¼ 23kTm.37,38 These values of ea were found to be
0.166 0.02 eV, 0.186 0.02 eV, 0.226 0.02 eV, and
0.346 0.02 eV, which are in good agreement with the previ-
ous values observed for InGaAs/GaAs heterostructures.17,37
Finally, if the sample is exposed to lower energy light in
the “quenching” range, hv¼ 0.83–1.0 eV, after cool down,
we find that thermal stimulation results in the conductivity
slowly recovering to the room temperature value throughout
the temperature range. This is shown by curve 3 in Figure 8.
A small peak is observed around T¼ 113K followed by a
rapid increase of the conductivity after T 120K. Fitting
these two temperature ranges with the expression,
r Tð Þ  exp  eakT
 
, resulted in activation energies for con-
ductivity of 0.186 0.01 eV and 0.226 0.01 eV.38,39 Again,
cooling the sample under dark conditions reproduces the
dark curve (curve 1 in Figure 8).
IV. DISCUSSION
The presented study of photoconductivity transients
shows a strong impact on in-plane transport through epitaxial
layers containing InGaAs quantum dots (wires) of different
kinds of non-uniformities like electrostatic potential varia-
tions induced by strain and trapped charges in surrounding
GaAs and disordered regions of the wetting layers and sur-
rounding InGaAs/GaAs interfaces. The co-existence of quan-
tum confined states with localized trap levels as well as the
possibility for carrier exchange between them facilitates the
optically driven variation of conductivity.
The unintentionally doped InGaAs/GaAs heterostruc-
tures show anomalously high dark conductivity in the tem-
perature range from 80K to 290K (Figure 8, curve 1)
(2.5 kX1 cm2) as compared to semi-insulating GaAs sub-
strate without InGaAs QDs. In type I heterostructures, like
our InGaAs QDs (QWRs) in GaAs, both electrons and holes
are captured, lowering the concentration of free charge car-
riers available for conduction. The deep level centers, there-
fore, play a critical role in the high conductivity of this
system. The PC spectroscopy shows the presence of EL2
defects, while TSC measurements indicate to presence of a
number of deep levels. Usually, the dominance of the EL2
centers in semi-insulating GaAs compensates the intrinsic
and residual-impurity acceptors and pins the Fermi level
near the middle of the bandgap.40 Therefore, GaAs samples
containing EL2 defects typically have a nearly intrinsic car-
rier concentration. The high dark conductivity value we see
here can then be explained only by the presence of other do-
nor centers in addition to the EL2. The thermal ionization of
the donor defects in GaAs and/or the WL with activation
energy between 100 and 350meV results in a high concen-
tration of conduction electrons in our structures.
Measurements of the thermally stimulated changes in con-
ductivity confirmed the existence of a wide variety of deep
levels in this heterosystem (see Figure 8). The presence of
donors in addition to the EL2 centers shifts the Fermi level
towards the conduction band significantly changing the ioni-
zation degree of the EL2 center. This greatly reduces the im-
portance of this donor center on the transport properties.
The dark electrical conductivity r(T) does not show a
simply activated behavior in the temperature range
T> 120K. In other words, no Arrhenius character of the
temperature dependence for the dark conductivity, i.e., no
exponential increase with temperature was observed (see
curve 1 in Figure 8). We can conclude that full depletion of
donor-like centres has taken place and that the main contri-
bution to the temperature dependence of the conductivity is
given by the variation of the mobility, l(T).41 At the same
time, the trend found here in the conductivity is typical for
degenerate semiconductors or systems with a high density of
delocalized states close to the Fermi level. Degeneracy of
our samples is not likely, because they are undoped.
However, large scale variations in the electrostatic potential
caused by local strain around the QDs results in the forma-
tion of regions in the GaAs or WL where the Fermi level is
pinned above the mobility edge for that conductivity chan-
nel. In such cases, the in-plane transport may proceed
through random high-conductivity paths.42,43
In general the in-plane transport must follow either the
GaAs substrate or spacers, the WL, or the InGaAs QDs
(QWRs). However, the conductivity of a reference semi-
insulating GaAs substrate was much lower in comparison.
We can conclude then that the main channel for lateral
charge transport in the InGaAs/GaAs nanostructures is the
WL and GaAs spacer layers. The InGaAs/GaAs interfaces
and InGaAs nanostructures are responsible for the observed
transport peculiarities which are mainly caused by inhomo-
geneities of local electro-physical properties.44,45 First of all,
the intermediate region of the InGaAs/GaAs interface con-
tains the defects: EL2, EL6, etc., which have a wide spec-
trum of deep levels in the GaAs bandgap.15,18 Spatial
distribution of captured electrons and ionized defects as well
as strain fields, local variations of the InGaAs alloy composi-
tion, size fluctuations, or interface roughness could result in
local electrostatic variations of the crystal potential in the
GaAs close to the QD or QWR region. These variations
would have a strong impact on the spatial separation of
electron-hole pairs and the observed photoconductivity
transients.
FIG. 8. Thermally stimulated conductivity changes, measured in the dark
(curve 1) or after photoexcitation by photons 1.65 eV (curve 2) and 0.85 eV
(curve 3) measured in the QD-chain sample (C1). The curves were measured
at a constant heating rate of 0.16K/s. The samples were previously cooled
down to 80K in the dark.
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Geometrical phase analysis and HR-TEM confirmed a
non-uniform strain distribution in the InGaAs QDs and GaAs
spacers. From these, we derive the strain values which are
then used to calculate the conductivity band minimum and
the valence band maximum shifts in the GaAs spacer
beneath and above the QD.
The energy of the conductivity band minimum and the
valence band maximum of zinc-blende GaAs and InGaAs
can be altered via hydrostatic pressure46 or biaxial strain in
epitaxial layers.47–49 The epitaxial growth of strained
InGaAs QDs on (100)-oriented GaAs substrates results in a
biaxial strain with diagonal, non-vanishing tensor compo-
nents given by
exx ¼ eyy; (2)
ezz ¼ –½2C12=C11exx; (3)
where C11 and C12 are the components of the elastic stiffness
tensor. The strain-induced shifts of the conduction and va-
lence bands of GaAs were calculated according to the model-
solid approach described in Refs. 49 and 50. In Figure 9, we
display the calculated conduction, Ec(r), and valence, Ev(r),
band-edge energies for strained GaAs using the strain values
derived from Figures 2 and 3 along the lateral direction
below the QD layer relative to the valence band of unstrained
GaAs.
The minimum point of Ec(r) turns out to be located
directly beneath the center of the QD, with relative values
for samples C1 and C3 of 230meV and 190meV, respec-
tively, below the GaAs conduction band edge. The spatial
variations of Ev(r) have the similar tendency with amplitudes
of 109meV and 90meV for samples C1 and C3, respec-
tively. In addition, the bandgap, eg, must also be position de-
pendent and is 110meV narrower beneath the QD base as
compared to unstrained GaAs. This graded-band structure
creates a built-in electric field, ei, which can be estimated
using the expression ei  1e
deg rð Þ
dr . We calculated the maxi-
mum fields found under the QD bases to be equal to
7.5 104V/cm and 5.8 104V/cm for samples C1 and C3,
respectively. So, we see that the effect of strain on the band
structure of the QD sample, C1, is larger than on the QWR
sample, C3.
These variations of the electrostatic potential create the
conditions necessary for both the observed high dark conduc-
tivity and the persistent conductivity. Several models have
been proposed to explain the origin of PPC. In the micro-
scopic local-potential model, the local fields created by the
potential variation separate photoexcited electrons and holes
and thus delay recombination.51 Another possible mecha-
nism of PPC involves macroscopic potential barriers, which
prevent recombination.52,53 According to this model, one
type of carrier is localized by traps, while the other carriers
are free and separated spatially. Further studies are needed to
accurately identify the nature of the trap levels potentially re-
sponsible for the slow photoconductive transients in a highly
conductive non-uniform system.
In our InGaAs/GaAs heterostructures the PPC effect
cannot be explained using simple models of recombination
and capture of nonequilibrium charge carriers by individual
Shockley-Read centers. A necessary condition for the exis-
tence of persistent conductivity for such systems is the spa-
tial separation of high conductivity regions from regions
with traps and recombination centers by potential barriers. In
our structures, the role of the local recombination-preventing
barrier is played by the band bending at the interface
between InGaAs and GaAs or the electrostatic potential var-
iations of the GaAs around the QDs caused by non-uniform
strain. The macroscopic barrier is mainly induced by charges
trapped by interface or surface states, or the positive charge
of ionized defects located in the intermediate region of the
InGaAs/GaAs interface. The characteristic scale for this kind
of barrier is determined by the Debye screening length of
undoped GaAs. For example, positively charged ionized
donor-like defects as well as EL2 centers could favour down-
ward band bending and increase the concentration of elec-
trons in the near-surface region of the underlying GaAs. The
band bending is expected to be higher for samples with
higher concentration of EL2 defects, larger number of super-
lattice layers, or higher surface density of InGaAs QDs or
QWRs.
So, in a multilayer InGaAs/GaAs heterosystem, there
exists both macroscopic inhomogeneities along the growth
direction and local imperfections around the InGaAs nanostruc-
tures. Therefore, the persistent photoconductivity can be the
result of both mechanisms simultaneously. Photogeneration of
electron-hole pairs in the InGaAs QDs, WL, and the GaAs
spacer layers gives rise to an increase of conductivity, which
does not decay to the initial equilibrium value, r0, for a long
time (103s) at low temperatures after the excitation is
removed. Some of the photoexcited electrons fill the states near
the minima of the conduction band of GaAs and deep traps
around QDs. At the same time, photoexcited holes thermalize
into the potential well of the InGaAs QDs and are spatially sep-
arated from the conduction electrons. In order for the non-
equilibrium electrons to find a localized hole and recombine,
they must have energy significantly higher than the mobility
edge. This will allow them to overcome their confining poten-
tial barrier which may be due to bend banding around the QD,
FIG. 9. Calculated coordinate dependences of the conduction band, valence
band, and the total bandgap in the GaAs spacer along the lateral direction
beneath the QD base using the strain data from Fig. 2.
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variation of electrostatic potential, or some other kind of disor-
der. As a result, at low temperature, the PPC will be observed
for a long time after the excitation is turned off (see Figure
6(a)). The thermally stimulated conductivity measurement con-
firms this strong impact of electron traps on the observed PPC
effect. Heating up the system from the initial state of persistent
(increased) conductivity at 80K resulted in releasing the elec-
tron from its traps, Ec 0.16 eV, Ec 0.18 eV, Ec 0.22 eV,
and Ec 0.34 eV, which were initially filled up with electrons
due to light excitation with hv¼ 1.65 eV (see corresponding
peaks of thermally stimulated current shown in curve 2 of Figure
8 at temperatures 81K, 91K, 113K, and 167K).
The kinetics of the rise in photoconductivity with inter-
band excitation of the InGaAs nanostructures at hv¼ 1.27 eV
turned out to have a different shape than for excitation at
hv¼ 1.65 eV, which generates electron-hole pairs mainly in
the GaAs. In the left inset of Figure 6(a) we see that there is
a delay in the fast rise in the photocurrent for hv¼ 1.27 eV
resulting in the observed S-shaped curve. This is evidence of
electron traps in the GaAs close to the InGaAs dots. The
non-equilibrium electrons take part in conductivity immedi-
ately after their generation in the GaAs, as opposed to the
electrons photoexcited in the InGaAs QDs, which need to be
thermally activated out of the potential well of the QD before
they are able to contribute to the conductivity. After being
released from the InGaAs electrons have a high probability
to be re-captured by InGaAs/GaAs interface traps, which are
empty at the initial stage of excitation. When the traps are
filled by electrons, finally the photocurrent grows at a much
faster rate. As a result, the S-shaped photocurrent rise was
observed only for excitation with photons in the range,
eInGaAsg < hv < e
GaAs
g , when band-to-band transitions in the
InGaAs QDs result in the spatial separation between photo-
generated electrons and holes.
The fundamentally different effect of the photoconduc-
tivity quenching was observed under infrared, sub-bandgap
excitation in the range from 0.83 eV to 1.0 eV (see Figure
6(b)). Excitation of the system with light in this range results
in a conversion of the EL2þ centers into the neutral charge
state, EL20. This is due to the larger absorption cross-
section, sp, of the electron transitions from the valence band
of GaAs to the EL2þ level (transition 5 in Figure 4(b)) being
greater than the absorption cross-section, sn, of the electron
transition from the level of the neutral EL20 center to the
conduction band of GaAs (transition 4 in Figure 4(b)) for
this range of photon energies.54 The spectral range where we
see optical quenching of the conductivity in the relaxation
time dependence (Figure 7) is in good agreement with
the spectral range where sp > sn. This confirms that in the
InGaAs QD-chain sample, this effect is associated with the
photoinduced change of the EL2 center’s charge state.
As a result, upon excitation with photons in the range
0.83–1.0 eV, the concentration of neutral EL20 centers will
increase freeing the holes in the valence band of GaAs.
These holes subsequently may recombine with free electrons
resulting in an overall decrease in the free carrier concentra-
tion and a quenching of the in-plane conductivity. In this
minimum conductivity state, rmin, the system will have the
lowest concentration of ionized EL2þ/þþ centers and
conduction electrons resulting in the lowest downward band
bending in the GaAs (Figure 10(b)). This reduces the Fermi
level position relative to the conductivity band minimum.
For low temperatures, if the electron filling of the states near
the minima of the potential energy is reduced, it is possible
that the Fermi level appears lower than the mobility edge
(Figure 10(a)), the electrons in the conduction band of GaAs
become highly localized, and the charge transport becomes
negligible.41 We find an 104 times drop in conductivity
upon photoexcitation in this energy range at 77K, i.e., an
Anderson transition to the low-conductivity state where con-
ductivity is a few orders lower than at equilibrium is
observed. This happens when the Fermi level appears below
the mobility edge and the electrons become strongly local-
ized in the states near the potential energy minima of the
GaAs spacers or captured by deep levels. According to the
microscopic potential variation model,43 when the Fermi
level falls into the localized state region, charge transport
occurs in GaAs via thermal activation of electrons into the
states above the mobility edge or by electron hopping
between the localized levels. On the contrary, when the
Fermi level is higher than the mobility edge for GaAs the
sample’s conductivity will be much higher (Figures 10(c)
and 10(d)). In this case, the downward band bending and
free electron concentration in the near-surface region of
GaAs have maximum values.
The heterosystem can be pulled out of the high-resistive
state by means of photogeneration of excess electron-hole
pairs through interband transitions in the InGaAs QDs, GaAs
spacer layers, and WL. This photogeneration will result in
the filling of the deep traps and the states near the minima of
the potential energy in GaAs, and therefore an increase of
the concentration of mobile electrons. Also, additional free
holes in GaAs can be trapped by the neutral centers (transfer-
ring EL20 to EL2þ) and increase the ratio, EL2þ/EL20. As a
result, the high concentration of mobile electrons will be
restored. It will decrease slightly after the excitation is turned
off but still will be greater than the equilibrium value. And,
the PPC will be observed again. It should be emphasized that
FIG. 10. Conductivity band edge for GaAs along the [100] direction and the
near-surface band bending in the [001] growth direction for the underlying
GaAs resulting from local variations of the crystal lattice.
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coexistence of the ionized EL2þ centers and free electrons in
the structure is only possible under the condition of their spa-
tial separation by the local potential variation fields.
The presence of donors of a different nature (other
than EL2 centers) was confirmed by the measurements of
the thermally stimulated conductivity. Heating up the sys-
tem converted it into a state of persistent photoconductivity
resulting in the release of electrons from the filled deep
traps at 0.16 eV, 0.18 eV, 0.22 eV, and 0.34 eV into the
delocalized states in GaAs and the observation of peaks of
the thermally stimulated current. If the structure was heated
after converting into the non-equilibrium state, rmin, at
80K with the minimal concentration of electrons in the
GaAs conduction band, it was possible to register only ther-
mal emission of electrons from the deep traps with energies
Ec 180meV and Ec 220meV. The absence of the ther-
mally stimulated conductivity peaks around 81K and 91K
(curve 3, Figure 8) is due to the fact that the shallower traps
at 0.16 eV and 0.18 eV are empty after using a quenching
photoexcitation between 0.83 and 1.0 eV. This effectively
lowers the Fermi level during illumination, decreasing the
electron concentration. At the same time, a small conduc-
tivity peak was observed near 113K and associated with
the thermal escape of excess electrons from the partially
filled traps at Ec 0.22 eV, i.e., the Fermi level is located
close to this level and therefore below the mobility edge
after photoquenching leaving the system in a highly resis-
tive state.
V. CONCLUSIONS
Geometrical phase analysis and high-resolution trans-
mission electron microscopy measurements have been used
to determine the strain distribution around InGaAs quantum
dot chains deposited on (001) GaAs. HR-TEM observations
show that non-uniform elastic stress relaxation mainly occurs
at the tip of the dot and that the underlying GaAs layer is
under tension. Strain-induced shifts of the conduction band
minimum and the valence band maximum in the GaAs layer
were calculated according to the model-solid theory using
the obtained strain map. These calculations show that the
gradient of biaxial strain in the (001) plane for the intermedi-
ate GaAs spacer layers causes bandgap variations of
100meV resulting in electric field values of 104V/cm in
the vicinity of the QDs. High dark conductivity and ther-
mally stimulated current originated from the presence of
other defects deeper than EL2 with levels of 0.16 eV,
0.18 eV, 0.22 eV, and 0.34 eV below to the GaAs conduction
band.
The photoinduced changes of the in-plane conductivity
depend on the photon energy due to different types of elec-
tronic transitions observed in InGaAs/GaAs heterostructures.
Studies of the lateral photoconductivity show the electronic
transitions in both quantum-confined states of InGaAs and
EL2 deep levels. Deep traps and local potential variations
around QDs or QWRs induced by strain variations are re-
sponsible for the persistent photoconductivity observed after
photoexcitation of electron-hole pairs in GaAs or InGaAs
by photons with energy, hv> 1.2 eV. The possibility of
optically driven carrier exchange between quantum confined
states of InGaAs and defect levels are shown. Giant photoin-
duced quenching of the in-plane conductivity was caused by
recharging of the EL2 centers by photons with energy in the
range between 0.83 eV and 1.0 eV. This converted the EL2þ
centers into the charge neutral, EL20, states reducing the
concentration of electrons in the InGaAs QDs, the WL, and
the GaAs spacers. The results demonstrate that both emission
and capture of an electron from deep traps and strain-
induced potential variations within the GaAs have critical
impact on in-plane photoconductivity transients.
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